1. Introduction {#s0005}
===============

Structure-switching molecules generate a signal in response to a binding-specific conformational change, [Fig. 1](#f0005){ref-type="fig"}A. In the absence of target ligand, the molecule adopts a molecular shape that is not competent for ligand-binding and is thus non-signalling. The switch between this non-binding state and a binding-competent state is controlled by a switching equilibrium constant, *K*~S~. The binding-competent state has an intrinsic affinity for ligand, defined by the dissociation constant, $K_{\text{D}}^{\text{int}}$. Stabilization of this binding-competent state by ligand thus serves to quantitatively signal its presence. This population-shift mechanism has been well described for previous systems *in vitro* [@b0005; @b0010; @b0015; @b0020] and riboswitches, characterized only in the past decade [@b0025; @b0030], represent an ideal example of the power of the population-shift mechanism in nature.

The observed binding affinity for a structure-switching molecule, $K_{\text{D}}^{\text{obs}}$, reflects contributions from both *K*~S~ and $K_{\text{D}}^{\text{int}}$. Greater stability of the non-binding state (i.e., larger *K*~S~ values) is reflected in larger $K_{\text{D}}^{\text{obs}}$ values, requiring a larger concentration of ligand to populate the signalling state. This molecular switching can be coupled to a number of specific optical, electrochemical, and biochemical outputs, including FRET or fluorescence emission, making it an extremely versatile tool in the laboratory (reviewed in [@b0015]).

The optimal sensitivity (change in signal/change in target concentration) of a structure-switching molecule can be achieved by optimizing the thermodynamics of switching between a binding-competent and alternatively folded structure. While this "tuning" of the observed binding affinity can be done by identifying aptamers with inherently different $K_{\text{D}}^{\text{int}}$ values [@b0035] an alternative approach is to manipulate *K*~S~ [@b0040]. Specifically stabilizing or destabilizing either the binding-competent state or the non-binding conformation can modulate *K*~S~. By manipulating *K*~S~ in this way, Plaxco and co-workers have expanded, narrowed, and edited the dynamic ranges of several structure-switching molecules [@b0045; @b0050; @b0055; @b0060].

Aptamers are nucleic acid sequences that have been selected for their ability to bind specific molecular targets, which can range from small organic molecules to large proteins [@b0065]. Their binding affinities (*K*~D~ values) range from 1 pm to several μM, but generally fall in the nanomolar range. In this way, nucleic acid aptamers have the ability to bind analytes with specificities previously reserved for proteins, but come with the added advantage of *in vitro* engineering, ease of chemical synthesis, long-term storage viability, and limited immunogenicity for therapeutic applications [@b0070; @b0075; @b0080].

Previous work by Toole and co-workers has identified a 15-nucleotide DNA aptamer capable of binding the protein thrombin with high affinity (i.e., $K_{\text{D}}^{\text{int}}$ is small; 25--200 nM) [@b0085]. A closer examination of the structure of this thrombin binding aptamer (TBA) revealed a G-quartet sequence (GQS). A G-quartet (a.k.a. quadruplex) is a structure formed when four-strands of DNA (or RNA) associate to form stacks of G-quartets (platforms) ([Fig. 1](#f0005){ref-type="fig"}B and Q) [@b0090].

Most aptamers are not inherently structure-switching -- that is they do not produce a significant conformational change, and thus a readily measurable signal, upon target binding. Thus, an inherent problem in designing structure-switching molecules is the creation of an alternative non-binding conformation. In later work by Ellington and co-workers, the thrombin binding aptamer was redesigned as a structure-switching molecule capable of signalling the presence of thrombin using fluorescence spectroscopy [@b0095], [Fig. 1](#f0005){ref-type="fig"}B. This was done by the addition of nucleotides on the 5′-end that were complementary to the 3′-end of the TBA sequence, forcing the sequence into a stem--loop structure in the absence of the thrombin ligand (H). The addition of thrombin ligand allowed for a conformational change into the binding-competent state (Q), which was signalled by a change in fluorescence intensity from a fluorophore attached to the 5′-end.

Significant structural stability of quadruplexes comes from base-stacking, hydrogen bonding interactions, and coordination with metal cations, and there have been extensive structural studies on this thrombin binding aptamer [@b0100; @b0105; @b0110; @b0115; @b0120; @b0125]. For many guanine quadruplexes, including TBA and these structure-switching molecules derived from it, the cation of choice is potassium. Thus, *a G-quartet is inherently an aptamer for K^+^*.

While progress has been made on developing DNA quadruplex-forming sequences into potassium sensors [@b0130; @b0135; @b0140; @b0145; @b0150; @b0155; @b0160; @b0165], little work has been done 'fine-tuning' these sensors to have differing sensitivities (i.e., different $K_{\text{D}}^{\text{obs}}$ values). In the present work, we examine the ability of previously studied thrombin binding aptamers to serve as a structure-switching aptamers for potassium ([Fig. 1](#f0005){ref-type="fig"}C). The 15-nucleotide TBA sequence, containing no additional nucleotides to afford an alternative non-binding conformation should represent the lower limit of potassium binding (e.g., $K_{\text{D}}^{\text{int}}$ in [Fig. 1](#f0005){ref-type="fig"}C). Work by Gross and co-workers have determined the *K*~D~ of this strong-binding sequence to be 5 μM [@b0170]. Two structure-switching thrombin aptamers examined by Ellington and co-workers [@b0095] would be predicted to exist primarily in a non-binding conformation in the absence of potassium (H, in [Fig. 1](#f0005){ref-type="fig"}C). As such, these weak-binding aptamers would be predicted to require significantly greater potassium concentrations to populate the bound state (Q). While these structure-switching aptamers have been studied for their ability to bind the protein thrombin, potassium-binding studies have not been reported in the literature.

Here, we use computationally estimated free energies of the non-binding hairpin states to design three new G-quadruplex conformational switches with binding affinities to predictably fill in the gap between the previously reported strong- and weak-binding potassium-binding DNA aptamers. This project aims to correlate the experimentally determined $K_{\text{D}}^{\text{obs}}$ for potassium-induced G-quartet formation with the computationally estimated stability associated with an alternative hairpin structure [@b0175; @b0180]. Correlation of these experimental and computational parameters will allow for the design of a G-quartet sequence with a predictable potassium-binding affinity.

2. Materials and methods {#s0010}
========================

2.1. DNA preparation {#s0015}
--------------------

DNA oligonucleotides were purchased from Integrated DNA Technologies, Inc. Sequences and their abbreviations are provided in [Table 1](#t0005){ref-type="table"} whereby the first number indicates the total number of nucleotides, the second indicates the number of nucleotides in the loop, and the last indicates the number of base pairs in the stem. For example, 20-10-5 is a 20-nucleotide hairpin loop with 10 nucleotides in the loop and 5 base pairs in the stem. These six sequences represent three newly designed oligos which were based on previous research on the thrombin binding aptamer (TBA) [@b0170] and two previously studied structure-switching analogs (referred to herein as 20-10-5 and 19-11-4) [@b0095]. Oligonucleotides were prepared by resuspending the lyophilized DNA in distilled and autoclaved water and quantitated using standard procedures.

2.2. Determination of hairpin stability using mFold {#s0020}
---------------------------------------------------

Stabilities of hairpins were computationally estimated using the DNA folding form within the program *mFold* [@b0175] and the following parameters: linear DNA, 22 °C folding temperature, 10 mM Na^+^, and no changes to the remaining default parameters. These parameters were chosen to most closely match the conditions at the start of CD titration experiments (22 °C, 10 mM Li^+^). In situations where more than one stable fold was predicted (as was the case for five of the six oligos studied), the free energy value for the most stable fold was used. For all cases, as there was at least 1 kcal/mol difference between the free energy value reported and that for the nearest less stable fold (representing at least a 10-fold difference in contribution of this fold to the overall population), this approach is justified. While a more rigorous treatment of the thermodynamic data was undertaken using a binding polynomial approach (data not shown), the results obtained were not different than those determined using the more simplified method.

2.3. Circular dichroism (CD) {#s0025}
----------------------------

CD spectroscopy was performed using a Jasco CD J810 Spectropolarimeter, and data were analyzed with Jasco Spectra Manager Suite software [@b0185]. DNA oligonucleotides were prepared to a concentration of either ∼5 or 15 μM in 10 mM LiCacodylate or 20 mM Tris (pH 7.0) buffer. DNA was renatured at 90 °C for 5 min and allowed to cool at room temperature. Spectra were acquired at 22 °C every nm from 210 to 310 nm with a bandwidth of 1 nm and a response time of 1 s/nm. Data were buffer subtracted and normalized to provide molar residue ellipticity values.

Titrations were performed with KCl to determine the amount of K^+^ necessary for G-quadruplex formation. To determine $K_{\text{D}}^{\text{obs}}$ values, ellipticity data at *λ*~max~ for a particular sequence were fit with KaleidaGraph v. 4.5.2 (Synergy software) according to the two-state Hill equation:$$\varepsilon = \varepsilon_{\text{Q}} + \frac{\varepsilon_{\text{H}} - \varepsilon_{\text{Q}}}{1 + \left( {\lbrack\text{K}^{+}\rbrack\left. /\left\lbrack K_{\text{D}}^{\text{obs}} \right\rbrack^{n} \right)} \right)}$$where *ε*~Q~ is the normalized CD signal corresponding to the fully folded GQS; *ε*~H~ is signal for the hairpin state; \[K^+^\] is the potassium ion concentration, $K_{\text{D}}^{\text{obs}}$ is the potassium ion concentration needed to fold half the DNA, and *n* is the Hill coefficient. In addition, some data were plotted as fraction folded plots, calculating fraction folded as follows:$$f_{\text{F}} = \frac{\varepsilon - \varepsilon_{\text{min}}}{\varepsilon_{\text{max}} - \varepsilon_{\text{min}}}$$and were fit using the following equation:$$f_{\text{F}} = \frac{\left( {\lbrack\text{K}^{+}\rbrack\left. /\left\lbrack K_{\text{D}}^{\text{obs}} \right\rbrack^{n} \right)} \right)}{1 + \left( {\lbrack\text{K}^{+}\rbrack\left. /\left\lbrack K_{\text{D}}^{\text{obs}} \right\rbrack^{n} \right)} \right)}$$the standard free energy (Δ*G*) of the folding transition of a given GQS can be calculated from the relationship:$$\Delta G = - \mathit{RT}\ln(\lbrack\text{Q}\rbrack/\lbrack\text{H}\rbrack)$$where *R* is the gas constant and *T* is the temperature in K, and \[Q\]/\[H\] represent the concentrations of quartet and hairpin states respectively. This expression can be evaluated at any given potassium ion concentration using the $K_{\text{D}}^{\text{obs}}$ and Hill coefficient (*n*) to obtain Δ*G*~obs~, the observed free energy of the folding transition [@b0190]:$$\Delta G_{\text{obs}} = - \mathit{nRT}\ln\left( {\lbrack\text{K}^{+}\rbrack}/ \right.\left( \left\lbrack K_{\text{D}}^{\text{obs}} \right\rbrack \right)$$

this equation corresponds to an observed free energy in K^+^ concentration, which couples folding and ion binding free energies. Data shown in [Table 2](#t0010){ref-type="table"} were obtained from fitting using Eq. [(1)](#e0005){ref-type="disp-formula"} and calculation of Δ*G*~obs~ using Eq. [(5)](#e0025){ref-type="disp-formula"}; the errors listed are those reported from the curve fitting.

3. Results {#s0030}
==========

3.1. Design of structure-switching DNA aptamers for potassium {#s0035}
-------------------------------------------------------------

In the present work, a systematic approach was taken to rationally design three new structure-switching DNA aptamers with smaller or larger *K*~S~ values (i.e., more stable or weaker alternative structures) than three previously studied aptamers, [Fig. 2](#f0010){ref-type="fig"}. For all sequences, quartet-forming sequence is shown in red and black, and structure-switching sequence is in green. The 15-nucleotide thrombin binding sequence (TBA) is predicted to have the strongest binding to potassium ions [@b0170], lacking any sequence capable of forming an alternative structure. The structure-switching DNA aptamers (20-10-5, and 19-11-4) [@b0095], are predicted to have larger *K*~S~ values, binding potassium only at high concentrations due to the population of a non-binding hairpin conformation. Nucleotides were added or removed to strengthen (larger *K*~S~) or weaken (smaller *K*~S~) the hairpin folded state, respectively, creating the three new aptamers. It should be noted that for any constructs involving a redesign of the stem structure, modifications were only made to the portion of the stem that is *not* the potassium-binding motif. That is, the quartet-forming sequence remains identical in all six structures. Sequences other than the minimal thrombin binding aptamer (TBA) sequence are identified by a numerical code indicating the total number of bases, bases in the loop domain, and bases in the hairpin stem. For example, 20-11-4-5′A is a 20 nucleotide stem--loop containing 11 nucleotides in the loop domain and closed by a 4 base-pair stem with an unpaired adenosine on the 5′-end (a dangling A).

3.2. Computational estimation of Δ*G*~mFold~ (*K*~S~ values) for structure-switching DNA aptamers for potassium {#s0040}
---------------------------------------------------------------------------------------------------------------

Thermodynamic parameters (Δ*G*~mFold~, kcal/mol) were computationally estimated for the six sequences in [Fig. 2](#f0010){ref-type="fig"} using the program mFold [@b0175] and parameters most comparable to conditions used experimentally (10 mM monovalent ion, 22 °C). As this program is only capable of examining secondary structure formation, values reported are only for possible stem--loop structures and not for any structures arising from quadruplex formation. These values are reported in [Table 2](#t0010){ref-type="table"}. The expected trend is observed. TBA, containing few switch-forming nucleotides, reported the least stable alternative structure (i.e., smallest *K*~S~) with sequences containing 3, 4, or 5 base-pair stems report more stable alternative structures (i.e., larger *K*~S~ values).

It is worth noting that the predicted structures in [Fig. 2](#f0010){ref-type="fig"} are based on possible base-pairing options. While these proposed two-dimensional foldings are based on mFold possible structures, the actual structures may be more complex [@b0195].

3.3. Experimental determination of Δ*G*~obs~ (via $K_{\text{D}}^{\text{obs}}$ and Hill coefficient values) for structure-switching DNA aptamers for potassium {#s0045}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Potassium-induced structure switching between hairpin and quartet states was examined using circular dichroism spectroscopy, monitoring the change in molar ellipticity as a function of potassium concentration between 210 and 310 nm. There is a clear distinction between CD signals for the hairpin and quartet states, with the greatest signal changes occurring at 240, 270, and 295 nm, [Fig. 3](#f0015){ref-type="fig"}A.

This change in CD signal was monitored over several additions of potassium ion, [Fig. 3](#f0015){ref-type="fig"}B. The change in molar ellipticity at 295 nm as a function of potassium concentration was plotted and fit to a two-state hill equation, [Fig. 3](#f0015){ref-type="fig"}C, to determine $K_{\text{D}}^{\text{obs}}$ and Hill coefficient values, which were then used to calculate Δ*G*~obs~. While changes in hyperchromicity for hairpin to quartet transitions at wavelengths of 240, 270, and 295 nm have been well documented [@b0095; @b0200], for our data, the signal change of greatest magnitude and with the least amount of signal noise occurred at 295 nm. Indeed, while all three wavelengths provided experimental *K*~D~ and Hill coefficient values that were nearly identical within the error of the data fitting (data not shown), the magnitude of the error associated with the values obtained from the 295 nm data were 5--10-fold smaller than that from the 240 or 270 nm data. Thus, it is reasonable to assume that the fitting from the 295 nm data most accurately reflects the experimental binding constants for these aptamers.

Potassium titrations were performed for all six sequences, and the CD traces and curve fits are shown in [Fig. 4](#f0020){ref-type="fig"}. $K_{\text{D}}^{\text{obs}}$, Hill coefficient, and Δ*G*~obs~ values are reported in [Table 2](#t0010){ref-type="table"}. A summary plot showing fraction folded curves (which normalizes data to allow for direct comparison of all six sequences) is shown in [Fig. 5](#f0025){ref-type="fig"}. Again, the expected trend was observed. TBA, containing few switch-forming nucleotides and the smallest computationally estimated *K*~S~ value reported the smallest $K_{\text{D}}^{\text{obs}}$ and Δ*G*~obs~ values. The potassium binding constant for this strongest binder ($K_{\text{D}}^{\text{obs}}$ = 13 μM) is consistent with previously reported values of 5 μM [@b0170]. Sequences containing 3, 4, or 5 base-pair stems reported more stable alternative structures (i.e., larger $K_{\text{D}}^{\text{obs}}$ and more negative Δ*G*~obs~ values).

3.4. Correlation of computationally estimated (Δ*G*~mFold~) and experimentally determined (Δ*G*~obs~) thermodynamic parameters {#s0050}
------------------------------------------------------------------------------------------------------------------------------

To determine the extent of correlation between computationally estimated (Δ*G*~mFold~) and experimentally determined (Δ*G*~obs~) parameters, the observed free energy of potassium binding (as determined by circular dichroism) was plotted as a function of the free energy of folding for each of the six sequences, [Fig. 6](#f0030){ref-type="fig"}. Consistent with both computational and experimental data following expected trends, a linear free energy relationship is evidenced by the high degree of correlation between these values (*R*^2^ = 0.9789), establishing the validity of this approach.

4. Discussion {#s0055}
=============

Structure-switching molecules, which couple a binding-specific conformational change to a reportable signal ([Fig. 1](#f0005){ref-type="fig"}A) present a new quantitative and versatile method of analyte detection. Work by Plaxco and co-workers has demonstrated the ability to rationally fine-tune aptamer binding properties by optimizing the thermodynamics of switching between binding-competent and alternatively folded states. This optimization has generally resulted from changes that modulate *K*~S~, the switching equilibrium constant ([Fig. 1](#f0005){ref-type="fig"}A), and has resulted in structure-switching aptamers with altered dynamic ranges for substrate binding [@b0005; @b0015; @b0040; @b0045; @b0050; @b0055; @b0060].

The concept of a structure-switching aptamer was utilized by Ellington and co-workers to transform the 15-nucleotide DNA aptamer for the protein thrombin into two structure-switching DNA aptamers, capable of detection of their target protein ligand [@b0095] ([Fig. 1](#f0005){ref-type="fig"}, and 20-10-5 and 19-11-4 in [Fig. 2](#f0010){ref-type="fig"}). As the central structural motif in these structure-switching aptamers is a G-quadruplex sequence (GQS), which also has an affinity for potassium ions, these DNA sequences are also structure-switching aptamers for potassium ion ([Fig. 1](#f0005){ref-type="fig"}C).

The 15-nucleotide thrombin binding aptamer (TBA) sequence is predicted to have a strong affinity for potassium, as the lack of any flanking sequence prevents the population of a non-binding conformation. Consistent with this, Gross and workers have reported $K_{\text{D}}^{\text{int}}$ the of this strong binder to be 5 μM [@b0170]. Structure-switching TBA aptamers, populating a non-binding state in the absence of potassium ions, are predicted to have a weaker affinity for potassium ions, although these data have not been previously reported in the literature. The creation of a more stable alternative structure (H in [Fig. 1](#f0005){ref-type="fig"}C) increases *K*~S~, decreasing the population of aptamer in a binding-competent state (Q~free~ in [Fig. 1](#f0005){ref-type="fig"}C), requiring a higher ligand concentration for signal change. Thus, while the *intrinsic* affinity ($K_{\text{D}}^{\text{int}}$) of the binding-competent state has not necessarily changed from that of the unextended TBA sequence, what has changed by modulating *K*~s~ is the fraction of molecules in this state. Much like is the case for competitive inhibition with enzymes, an unfavorable off-pathway equilibrium (e.g., formation of an alternative structure) can be countered by an increase in ligand concentration. Thus, the *observed* affinity of the aptamer for its ligand ($K_{\text{D}}^{\text{obs}}$) will change with changes in *K*~S~. Work by Plaxco and co-workers has shown a correlation between these two parameters, determining *K*~S~ by urea melting and $K_{\text{D}}^{\text{obs}}$ by fluorescence intensity increases [@b0040].

As is demonstrated in the present work, structure-switching nucleic acid aptamers are particularly amenable to rational design using computational methods to predict the thermodynamics of switching between a binding-competent and alternatively folded structure. This has great value in creating an aptamer that operates within a given range of analyte concentration. That is, the *sensitivity* (change in signal/change in target concentration) can be tuned to the desired range of analyte concentration. The dynamic range for potassium ion detection by thrombin binding aptamer sequences was established by previously studied sequences. The lower limit (strong-binding) was set at 5 μM by the 15-nucleotide TBA sequence [@b0170] while the upper limit (weak-binding) was set by the structure-switching aptamers used by Ellington and co-workers [@b0095], although potassium binding constants for these sequences have not been reported in the literature. In the present work, the gap between these upper and lower limits was filled using structure-switching DNA aptamers with potassium binding constants that were predicted based on the stabilities of their non-binding alternative conformations.

Using computationally estimated free energies of the non-binding hairpin states, we have designed three new structure-switching DNA aptamers with different stabilities of off-pathway folds (i.e., different *K*~S~ values, [Fig. 2](#f0010){ref-type="fig"}). The observed affinity for potassium ion ($K_{\text{D}}^{\text{obs}}$) was evaluated experimentally by CD titration experiments, [Figs. 3--5](#f0015 f0020 f0025){ref-type="fig"}. Computationally estimated and experimentally determined free energy data is shown in [Table 2](#t0010){ref-type="table"} and followed the predicted trends. The linear free energy relationship between these data ([Fig. 6](#f0030){ref-type="fig"}) was substantiated by the near-unity slope of the plot, which establishes the validity of this experimental approach. To our knowledge, this study represents the first demonstration of the correlation between computationally estimated switching equilibrium constants (*K*~S~) and experimentally determined binding affinities ($K_{\text{D}}^{\text{obs}}$) of structure-switching aptamers. This has many important implications as the relationship between stability of a non-binding state and the ligand concentration required to "switch states" can allow for the prediction of the necessary *K*~S~ value to obtain a structure-switching aptamer that would operate in the desired range.

The introduction of additional sequence in nucleic acids to facilitate the design of structure-switching aptamers has the potential to also generate unexpected structures, which could have significant sensitivity and/or selectivity issues. For structure-switching aptamers, the formation of a specific binding-competent structure is generally associated with the presence of ligand. In the case of TBA, this is the formation of an antiparallel G-quartet in the presence of potassium ions. Thus, to ensure the *selectivity* of this binding event, it is essential that no other ligands are capable of generating the same specific structure, which would result in the generation of a false positive. In a recent study by Buess-Herman and co-workers, extended G-quartet-based aptamer sequences were shown to adopt both parallel and antiparallel structures by CD and UV spectroscopy, depending on the nature of the cation [@b0205]. While all structures (including TBA) adopted the standard anti-parallel conformation in the presence of potassium (which is the ion used in the present work), the presence of different cations was shown to change the conformation of the quadruplex present in extended TBA sequences. This has significant relevance in the use of structure-switching molecules based on TBA as biosensors as these conformational shifts could give rise to false positives. Thus, control experiments examining issues of selectivity, such as those used in the recent work by Chen and co-workers [@b0210] will be essential for any application of a TBA-based aptamer as a biosensor.

Appendix A. Supplementary data {#s0065}
==============================

Supplementary data 1This document contains Supplementary Fig. 1.Supplementary data 2This document contains Supplementary Fig. 2.Supplementary data 3This document contains Supplementary Fig. 3.Supplementary data 4This document contains Supplementary Fig. 4.
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![Structure-switching molecules operate via a population-shift mechanism. (A) Structure-switching molecules can exist in two conformations -- a non-binding (and thus non-signalling) conformation, and a binding-competent state. The partitioning between these two states is dictated by a switching equilibrium constant, *K*~S~, which reflects the inherent stability of the non-binding state, as well as the intrinsic affinity for the target ligand, as defined by the dissociation constant, $K_{\text{D}}^{\text{int}}$. In the absence of ligand, partitioning is dominated by *K*~S~, maintaining the molecule in a non-binding conformation. In the presence of ligand, $K_{\text{D}}^{\text{int}}$ becomes an important contributor to partitioning between non-binding and bound states. The observed binding affinity for a structure-switching molecule, $K_{\text{D}}^{\text{obs}}$, reflects contributions from both *K*~S~ and $K_{\text{D}}^{\text{int}}$. In this way, ligand presence facilitates the capture of molecules in the binding-competent state, transitioning the structure-switching molecule to a bound (signalling) state in a concentration-dependent fashion. (B) Ellington and co-workers have modified the thrombin binding aptamer (TBA) into a structure-switching DNA aptamer (19), which partitions between a non-binding hairpin conformation (H) and the binding-competent state (Q~free~), which is captured by thrombin protein as a G-quadruplex motif (Q~bound~). Sequences have affinities for thrombin that reflect the inherent stability of hairpin conformations. Formation of the G-quadruplex motif separates the fluorophore (star) from the quencher (square), which is detectable by fluorescence spectroscopy. (C) By way of its G-quartet sequence, TBA is also an aptamer for potassium, and is similarly partitioned as in (B), and captured as a G-quadruplex motif (Q~bound~) by potassium ions.](gr1){#f0005}

![Structure-switching DNA aptamers for potassium. Beginning with three previously studied aptamers that represent the predicted lower (TBA) and upper (20-10-5 and 19-11-3) limits of potassium binding, three additional sequences were created by either weakening the stem (predicted to decrease *K*~S~) or strengthening the stem (predicted to increase *K*~S~). These sequences are named using a code indicating the total number of nucleotides, nucleotides in the loop domain, and number of base pairs in the stem. For example 20-11-4-5′C contains 20 total nucleotides, 11 nucleotides in the loop domain, 4 base-pairs in the stem, and an unpaired cytosine residue on the 5′-end. Each sequence name is also color-coded to correlate with data presented throughout the paper.](gr2){#f0010}

![Determination of $K_{\text{D}}^{\text{obs}}$ and Hill coefficient (*n*) values using circular dichroism (CD) spectroscopy. (A) Circular dichroism spectroscopy was used to "signal" the presence of a non-binding hairpin state (H) or the G-quadruplex state (Q). In the absence of potassium, conformational switching favors the hairpin state, generating a specific CD signal (red). Addition of saturating levels of potassium ion allow for the conformational switch to the quartet state (blue). (B) Monitoring potassium titrations by CD show changes in molar ellipticity at three wavelengths; 240, 270, and 295 nm. (C) The increase in molar ellipticity at 295 nm is evaluated as a function of potassium concentration and fit to a two-state Hill equation to determine $K_{\text{D}}^{\text{obs}}$ and Hill coefficient (*n*) values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr3){#f0015}

![Determination of $K_{\text{D}}^{\text{obs}}$ and Hill coefficient (*n*) values for structure-switching DNA aptamers for potassium. As per [Fig. 3](#f0015){ref-type="fig"}, for each sequence studied, potassium titrations were monitored by CD. $K_{\text{D}}^{\text{obs}}$ and Hill coefficients (*n*) were obtained by plotting the change in molar ellipticity at 295 nm as a function of potassium concentration, and fitting the data to a two-state hill equation.](gr4){#f0020}

![Fraction folded plots for structure-switching DNA aptamers for potassium. Data from [Fig. 4](#f0020){ref-type="fig"} were used to generate fraction folded plots for all six sequences.](gr5){#f0025}

![Linear free energy relationship between experimental (Δ*G*~obs~) and computationally estimated (Δ*G*~mFold~) data. Free energy data reported in [Table 2](#t0010){ref-type="table"} were plotted to obtain a linear correlation (*y* = −3.88*x* − 1.27, *R*^2^ = 0.9789).](gr6){#f0030}

###### 

Sequence information for structure-switching DNA aptamers for potassium.

  Oligonucleotide   Sequence [a](#tblfn1){ref-type="table-fn"}   *ε*~260~, L (mol strand)^−1^ cm^−1^[b](#tblfn2){ref-type="table-fn"}
  ----------------- -------------------------------------------- ----------------------------------------------------------------------
  20-10-5           5′-ccaacGGTTGGTGTGGTTGG-3′                   188,600
  19-11-4           5′-ccaaGGTTGGTGTGGTTGG-3′                    181,800
  20-11-4-5′A       5′-accaaGGTTGGTGTGGTTGG-3′                   195,600
  20-11-4-5′C       5′-cccaaGGTTGGTGTGGTTGG-3′                   189,000
  18-11-3           5′-caaGGTTGGTGTGGTTGG-3′                     174,600
  TBA               5′-GGTTGGTGTGGTTGG-3′                        143,300

Quartet-forming nucleotides are shown in uppercase, and flanking sequence is shown in lowercase.

Provided by Integrated DNA Technology.

###### 

Computationally estimated and experimental data for structure-switching DNA aptamers for potassium. Computational data were obtained for all six sequences using the program mFold. Δ*G*~mFold~ are the free energy values reported for the folded structures provided by the program and using parameters that most closely resemble those experienced during experimental conditions. Experimental values were determined by monitoring changes in molar ellipticity at 295 nm by CD potassium titrations. These data were fit to a two-state Hill equation to obtain $K_{\text{D}}^{\text{obs}}$ and Hill coefficient (*n*) values. These two values were then used to calculate Δ*G*~obs~ for all six sequences. Errors reported are those from data fitting. Data for 20-10-5 were estimated based on CD data as there was an insufficient upper baseline for data fitting.
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